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Big bang nucleosynthesis (BBN) has been used as a probe of beyond-standard physics in the
early Universe, which includes a time-dependent quark mass mq. We investigate effects of a quark
mass variation δmq on the cross sections of the
7Be(n, p)7Li reaction and primordial light element
abundances taking into account roles of 8Be resonances in the reaction during BBN. This resonant
reaction has not been investigated although behaviors of low-lying resonances are not trivial. It is
found that a resonance at the resonance energy Er=0.33 MeV enhances the reaction rate and lowers
the 7Li abundance significantly when the quark mass variation is negative. Based upon up-to-date
observational limits on primordial abundances of D, 4He and Li, the quark mass variation in the
BBN epoch are derived. In a model in which the resonance energies of the reactions 3He(d, p)4He
and 3H(d, n)4He are insensitive to the quark mass, we find that the Li abundance can be consistent
with observations for δmq/mq = (4–8)× 10−3.
PACS numbers: 26.35.+c, 21.10.Dr, 98.80.Cq, 98.80.-k
The Standard Model of particle physics assumes that
fundamental constants are time-independent over the
cosmic history. However, possibility of time-dependent
constants including bare coupling constants have been
pursued for a long time [1, 2].
The standard big bang nucleosynthesis (BBN) model
[3–5] is characterized by a single cosmological parame-
ter, the baryon-to-photon ratio. This parameter is pre-
cisely measured by cosmic microwave background obser-
vations [6, 7], and now BBN is a useful probe of beyond-
standard physics in the early Universe. In addition, it
has been pointed out that the observed 7Li abundance of
metal-poor stars [8] is significantly lower than the stan-
dard BBN (SBBN) prediction [9–15]. The solution to
this “lithium problem” may come from systematic errors
in inferring the primordial abundance from astronomical
observations or lack of nuclear cross section data [16, 17].
However, a reasonable solution has not been verified nei-
ther from astronomy nor from nuclear physics. Hence it
is necessary to explore non-standard BBN to solve this
problem.
BBN with a time-dependent quark mass has been stud-
ied by several authors [18–20]. A quark mass variation
affects nuclear binding energies and hence resonance en-
ergies. Among main reactions in the BBN reaction net-
work, 3He(d, p)4He, 3H(d, n)4He, and 7Be(n, p)7Li are
the only reactions whose cross sections are governed
by resonances [21]. The resonances in the reactions
3He(d, p)4He and 3H(d, n)4He have been treated [18–20].
The 7Be(n, p)7Li reaction is by far the strongest destruc-
tion reaction for 7Be nuclei in SBBN [22]. Therefore,
the reaction cross section has been measured by many
nuclear experiments [23–28]. However, resonances in the
reaction 7Be(n, p)7Li have been ignored in the model of
varying quark mass since the reaction is dominated by a
broad resonance located around the separation threshold
energy of the entrance channel. Nevertheless, a behav-
ior of the near-threshold broad resonance at Er = 2.67
keV should be treated carefully and another resonance
at Er = 0.33 MeV can play a role when the quark mass
is changed, as shown in this letter.
Recently, new observations and reanalysis of astro-
nomical data largely reduced uncertainties in primordial
abundances [29–32]. In this letter, we show the most
stringent constraint on quark mass in the BBN epoch
using these updated observational results.
The sensitivity of the binding energy of nucleus A,
EA, to the quark mass variation from the present value
δmq is parameterized in terms of a sensitivity coefficient
KA =
δEA/EA
δmq/mq
, where mq is the quark mass and δEA
is the variation of the binding energy due to δmq. The
KA values are adopted from Ref. [33] for the case with
the Argonne v18 potential used as a two-nucleon poten-
tial and the Urbana model IX used as a three-nucleon
potential.
For radiative capture reactions, usually the strongest
electric dipole transition dominates, and cross sections
depend on the kinetic energy E and the Q-value [18, 19]
as σ(E) ∝ E3γ ∼ (Q+E)3, where Eγ is the energy of the
emitted photon.
On the other hand, if reactions of two charged nu-
clei produce two charged nuclei in the final states, cross
sections are proportional to the final state velocity v ∝
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Q+ E and the penetration factor:
σ(E) ∝
√
Q+ E exp
(
−
√
EG
Q+ E
)
, (1)
where EG = 2pi
2µ34c
2(αZ3Z4)
2 is the Gamow energy for
the exit channel with µ34 the reduced mass and Z3 and
Z4 the exit-channel charges.
The Q value is changed to Q+δQ with the quark mass
variation. When E  Q, which is usually realised in the
BBN temperature, Eq. (1) can be expanded as
σ(E)
σ0
∝
[
1 +
1
2
(
1 +
√
EG
Q
)
δQ
Q
+O
((
δQ
Q
)2)]
, (2)
where σ0 is the cross sections for the case without quark
mass variation, i.e., the SBBN values.
For narrow resonances, the reaction rates with a quark
mass variation are given [19] by
NA〈σv〉 = [NA〈σv〉]0
[
1 +
1
2
(
1 +
√
EG
Q
)
δQ
Q
]
×
{
1 + [(E0 − E0r )/(Γr/2)]2
1 + [(E0 − Er)/(Γr/2)]2
}
, (3)
where NA is the Avogadro number, 〈σv〉 is the reac-
tion rates per particle pair, [NA〈σv〉]0 is the reaction
rate for the case without quark mass variation, E0 =
E
1/3
G (kBT/2)
2/3 is the Gamow peak with kB the Boltz-
mann constant and T the temperature, Γr is the total
resonance width, and Er and E
0
r are the resonance energy
for the cases with and without a quark mass variation,
respectively.
For broad resonances, Eq. (3) cannot be applied. The
resonant cross sections are written by the Breit-Wigner
formula [34]
σ(E) = piλ(E)2
ωΓi(E)Γf(E)
(E − Er)2 + [Γr(E)/2]2 , (4)
where λ(E) is the de Broglie wave length, ω = (2J +
1)/(2j1 + 1)(2j2 + 1) is the spin factor with J the spin
of the resonant state, and j1 and j2 the spins of the two
nuclei in the entrance channel, and Γi(E) and Γf(E) are
the partial widths for the entrance and exit channels, re-
spectively. The energy dependence of the partial widths
is given as Γi, f(E) = 2Pi, f(E)γ
2
i, f , where Pi, f(E) is the
penetration factor and γ2i, f is the reduced width. The
reaction rates are written as
NA〈σv〉 =
√
8
piµ
NA
(kBT )
3
2
∫ ∞
0
EdE σ(E)e−E/kBT , (5)
where µ is the reduced mass of the two nuclei in the
entrance channel. In the case of broad resonances, this
integral should be performed numerically.
J Er [MeV] EX [MeV] Γi(Er) [MeV] Γf(Er) [MeV]
2− 0.00267 18.91 0.225 1.41
3+ 0.330 19.07 0.0767 0.088
19.24
3+ 2.66 21.5 0.490 0.610
TABLE I. The spins, resonance energies, corresponding exci-
tation energies of 8Be∗, and partial widths for the resonances
in the 7Be(n, p)7Li reaction [21].
For the three reactions 3He(d, p)4He, 3H(d, n)4He, and
7Be(n, p)7Li, the resonance energies are defined respec-
tively as
E(d,p)r = E5Li∗ − E3He − Ed, (6)
E(d,n)r = E5He∗ − Et − Ed, (7)
E(n,p)r = E8Be∗ − E7Be. (8)
The shift of the resonance energy for the 7Be(n, p)7Li
reaction can then be written as
δE(n,p)r = (K8Be∗E8Be∗ −K7BeE7Be)
δmq
mq
. (9)
For other two reactions, the shifts are written in the same
manner [19]. The sensitivity coefficient KA for the ex-
cited states is not studied [33], and we make assumptions
of the following three cases separately for the three reso-
nant reactions.
a. Case A Variations in binding energies of excited
states are the same as that of the ground state. In this
case, the variation of the resonance energy is
δE(n,p)r = (K8BeE8Be −K7BeE7Be)
δmq
mq
. (10)
b. Case B The resonance height does not change in
the reverse reaction [19]. In this case, the variation of
the resonance energy in the forward reaction is
δE(n,p)r = (K7LiE7Li −K7BeE7Be)
δmq
mq
. (11)
c. Case C The resonance energies do not change,
i.e. δEr = 0.
Our BBN calculation is based on Ref. [22]. Reac-
tion rates have been updated for 4He(α, γ)7Be [35] and
2H(p, γ)3He ,2H(d, n)3He, and 2H(d, p)3H [36]. Other
reaction rates are taken from the JINA REACLIB
Database [37]. We adopt the neutron lifetime of 880.2
s [38]. The baryon-to-photon ratio η = (6.108± 0.060)×
10−10 is taken from Monte Carlo simulations [4] based
on the Planck 2015 observational results [7].
Table I shows adopted resonance energies and widths
for the 7Be(n, p)7Li reaction at the present time [21].
Figure 1 shows calculated cross sections of the
7Be(n, p)7Li reaction versus energy in Case A for
δmq/mq =0.01 (dotted line), 0 (solid line), −0.01
(dashed-dotted line), and −0.02 (dashed line). The ver-
tical axis σE1/2 is proportional to the reaction rate σv at
3FIG. 1. The 7Be(n, p)7Li cross sections multiplied by E1/2
as a function of E in Case A with quark mass variations as
labeled. Shaded regions are contributions of the second reso-
nant component scaled by 1/2.
the energy E. Shaded regions show partial cross sections
by the second resonant component (Table I) scaled by
1/2. In the energy range relevant to BBN, E . O(0.1)
MeV, the first and second resonances predominantly con-
tribute to the total cross section in SBBN.
In Case A, the resonance energy variation is δE
(n,p)
r =
17.2(δmq/mq) MeV. In the SBBN, the
7Be(n, p)7Li cross
section is predominantly contributed by a near-threshold
resonance at Er = 2.67 keV. However, the resonance
energy of the next resonance at Er = 0.33 MeV de-
creases to the kinetic energy at the 7Be synthesis, i.e.
E = 3kBT/2 ∼ 0.1 MeV, if δmq/mq is negative. As
seen in Fig. 1, all three resonances move to higher en-
ergies in the case of δmq/mq = 0.01. The cross section
is, therefore, smaller than in SBBN because of the hin-
dered Boltzmann factor [Eq. (5)] for E . 0.3 MeV above
which the second resonance contributes to the total cross
section. Cross sections at low energies are higher than in
SBBN for δmq/mq = −0.02 because of significant con-
tributions of the second excited state. We note that the
lowest resonance at Er = 2.67 keV in the present universe
is always important for the total cross section in the all
four cases of δmq/mq. Even when the resonant state be-
comes a subthreshold bound state, it contributes to the
total cross section because of its large width (Γ = 1.64
MeV) and no hindrance of the neutron decay width Γn
from Coulomb potential.
Figure 2 shows the rate of the 7Be(n, p)7Li reaction
[Eq. (5)] as a function of T9 = T/(10
9 K) for the same
four cases as in Fig. 1. In the temperature range most
relevant to the 7Be destruction during BBN, i.e., T9 . 1,
the higher the quark mass is, the lower the reaction rate
is. This results from the σv values at E . 0.1 MeV
(see Fig. 1). Thus, the reaction rates are increased for
negative values of δmq/mq.
In Case B, the resonance energy variation is δE
(n,p)
r =
−0.172(δmq/mq) MeV. This shift is much smaller than in
Case A, and the effect on the reaction rate is negligible.
In the 3He(d, p) and 3H(d, n) reactions, compound nu-
clei are expected to have similar energy levels from the
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FIG. 2. The 7Be(n, p)7Li reaction rates versus T9 =
T/(109 K) in Case A with the same quark mass variations
as in Fig. 1.
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7Be(n, p)
3He(d, p), 3H(d, n)
A B C
A I III V
B/C II IV VI
TABLE II. The cases considered in this BBN calculation. A,
B, and C are explained in text. The 7Be(n, p) reaction is
treated independently from the other reactions, because the
structure of its compound nucleus is different from the others.
mirror conjugate states. We then assume that the same
Case is applied to these two resonant reactions. This as-
sumption is not applicable to the 7Be(n, p)7Li reaction.
Because the resonant energy shift of the 7Be(n, p)7Li re-
action is negligible in Case B, Case B and C are almost
the same for the 7Be(n, p)7Li reaction. Hence we consider
only six cases (I to VI) shown in Table II.
Figure 3 (upper panel) shows calculated Li abundance
as a function of δmq/mq for Cases I to VI. Cases II, IV,
and VI are almost the same as cases investigated in Ref.
[19] for which behaviors of nuclear abundances have been
analyzed. 7Li abundances are determined by changes
in reaction rates of (i) 1H(n,γ)2H, (ii) 3He(d,p)4He and
3H(d,n)4He, and (iii) 7Be(n,p)7Li. For larger δmq/mq
values, the Q-value of the reaction (i) becomes smaller.
Due to a delayed deuteron production in BBN, the neu-
tron abundance is higher. Since the neutron is the dom-
inant 7Be destroyer via 7Be(n,p)7Li, the 7Be destruction
rate is larger for larger δmq/mq. In addition, for larger
δmq/mq values, rates of reactions (ii) become smaller and
the abundances of 3H and 3He become larger. As a re-
sult, abundances of 7Li and 7Be that are produced via
3H(α,γ) and 3He(α,γ) are larger. In previous studies, the
rate of reaction (iii) has not been calculated accurately.
However, it directly affects the 7Be and 7Li abundances.
The 7Li abundance decreases compared with Ref. [19]
in Cases I, III, and V if δmq/mq is negative. This is
because the resonance of the 7Be(n, p)7Li reaction at
Er = 0.33 MeV experiences an energy shift and the re-
action rates at the BBN temperature are enhanced. The
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FIG. 3. (Upper panel) The 7Li abundance as a function of
δmq/mq in Cases I to VI (see Table II). The horizontal gray
band shows the 2σ range of abundances observed in metal-
poor stars [29]. (Lower panel) The deuterium abundance as a
function of δmq/mq for Cases A, B and C for the
3He(d, p)4He
and 3H(d, n)4He reactions. The gray band shows the 2σ ob-
servational abundance [30]. The solid square with an error
bar shows the central value and the uncertainty in the SBBN.
reaction 7Be(n, p)7Li converts 7Be to 7Li, and 7Li nu-
clei are easily burnt via the reaction 7Li(p, α)4He. Thus
the primordial 7Li abundance, which is the sum of abun-
dances of 7Li and 7Be during the BBN, decreases. In
Cases II, IV, and VI, the 7Li abundance agrees with the
previous work [19], because the 7Be(n, p)7Li resonant re-
action rates are not significantly affected by the quark
mass variation.
The gray band in the upper panel of Fig. 3 shows the
Spite plateau [8] of 7Li abundance observed in metal-poor
stars at log(Li/H) + 12 = 2.199 ± 0.086 [29]. Excepting
the region of δmq/mq & 0.01 in Cases V and VI, the
observed level is lower than the calculated results of the
BBN model.
Figure 3 (lower panel) shows the deuterium abun-
dance as a function of δmq/mq. The gray band corre-
sponds to the observational 2σ range of primordial D
abundance [30]. It has been estimated from absorp-
tion lines in spectra of high-redshift quasars as D/H =
(2.527 ± 0.030) × 10−5. The error bar around the solid
square shows an uncertainty in the SBBN model originat-
ing from the 2σ uncertainty in η [4]. The D abundance
is larger for larger quark masses because of the delayed
D production by the smaller Q value of the 1H(n,γ)2H
FIG. 4. Likelihood functions of the quark mass variation
δmq/mq for Cases A to C of
3He(d, p)4He and 3H(d, n)4He.
Thick and thin curves correspond to the functions derived
with and without constraints from the observation of Li/H
abundance, respectively. The vertical solid line on δmq/mq =
0 corresponds to the SBBN model.
D, He and Li D and He
Case A 0.43–3.27 0.90–4.02
Case B 0.68–3.70 0.94–4.19
Case C 3.7–8.0 1.5–6.2
TABLE III. The 95 % C.L. of δmq/mq in units of 10
−3 de-
rived from observational constraints with (second column)
and without (third column) Li abundances.
rate resulting in a larger freezeout abundance of D [19].
Figure 4 shows the likelihood functions of the quark
mass variation. Likelihood functions for respective nu-
clei Li (i =D, He, and Li) are assumed to be Gaus-
sian, and the plotted ones are defined by products of
LDLHeLLi (thick curves) and LDLHe (thin curves). We
adopt the observational limit on the 4He abundance
Yp = 0.2449 ± 0.0040 [32]. When the Li abundance is
used as a constraint, best fit values of δmq/mq move
to lower δmq/mq regions (Cases A and B) and a higher
region (Case C) in directions of reducing the Li abun-
dances. In Case C, the likelihood function is wider since
the constraint from the D abundance is weaker (Fig. 3).
Table III shows derived 95 % C.L. for Case A to C.
We find a solution to the Li problem with a finite value
of δmq/mq = (4–8) × 10−3 in Case C. This result in-
dicates that if the resonance energies of the reactions
3He(d, p)4He and 3H(d, n)4He are rather independent of
the quark mass, the Li abundance becomes close to the
observed value of metal-poor stars for δmq/mq . 10−2.
In summary, the sensitivity of the 7Be(n, p)7Li reac-
tion rate to the change of a quark mass was investigated
for the first time. We find that if the variation of the
excitation energies of the compound nucleus 8Be∗ is the
same as that of the ground state (i.e. Cases I, III, and
V in Table II), the shift of the resonance at Er = 0.33
5MeV can decrease the 7Be abundance significantly for
δmq/mq . −5× 10−3.
The latest limit on the quark mass in the BBN epoch
was derived for three models using updated observational
constraints on primordial abundances. It is found that
the Li abundance can be reduced toward the observed
abundance level if the resonance energies of the reactions
3He(d, p)4He and 3H(d, n)4He does not depend on the
quark mass.
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FIG. 1. The 4He abundance as a function of δmq/mq for
Cases A, B and C for the 3He(d, p)4He and 3H(d, n)4He re-
actions. The whole region is allowed by the observational 2σ
limit on the 4He abundance [2].
I. OBSERVATIONAL CONSTRAINTS
The constraints on the quark mass during the big bang
nucleosynthesis (BBN) derived in this study are based
on recent observational limit on the abundances of D,
4He and Li. Although observations of the primordial
4He abundance are taken into account in the likelihood
analysis, they do not provide a strong constraint on the
quark mass. The primordial 4He abundance has been in-
ferred from emission lines of metal-poor H ii regions. It
has been found that including not only visible lines but
also infrared lines dissolves the degeneracy of physical
parameters in spectral fittings, reducing uncertainties of
the abundance [1]. With this method, the 4He abundance
is estimated as Yp = 0.2449± 0.0040 [2].
Figure 1 shows calculated 4He abundance as a function
of the quark mass variation δmq/mq. The
4He abundance
is smaller for larger quark mass since the delayed D pro-
duction leads to a smaller n/p ratio at the D production
or the 4He synthesis [3]. The whole region shown in this
figure is consistent with the observed 4He abundance, and
a stringent constraint on δmq/mq is not derived from the
4He abundance.
Figure 2 shows the likelihood functions of the quark
mass variation δmq/mq for Case C, similar to figure 4 in
the letter. Likelihood functions for respective nuclei Li
(i =D, He, and Li) are assumed to be Gaussian, and thick
FIG. 2. Likelihood functions of the quark mass varia-
tion δmq/mq for Case C of the reactions
3He(d, p)4He and
3H(d, n)4He. Solid lines shows arbitrarily normalized like-
lihood functions for respective nuclei Li. Thick and thin
dashed-dotted lines are products of the functions LDLHeLLi
and LDLHe, respectively.
and thin dashed-dotted lines correspond to LDLHeLLi
and LDLHe, respectively. Solid lines are likelihood func-
tions for respective nuclei that are normalized arbitrarily
as shown. It is observed that the likelihood LHe is high
in the whole region, which indicates that the observa-
tional limit on the 4He abundance does not constrain
this model of varying quark mass. Therefore, the best
parameter region derived using the combined data on D
and He abundances is predominantly determined by the
D observational data. When the Li observation is addi-
tionally used as a constraint, the most likely parameter
moves to a higher δmq/mq region. The rapid drops of
the likelihoods LD and LLi point to a finite change of the
quark mass at δmq/mq = (4–8)× 10−3.
II. ABUNDANCE EVOLUTION
Figure 3 shows nuclear abundances as a function of
T9 = T/(10
9 K). X and Y are mass fractions of 1H and
4He in baryon in the universe, respectively. Other nu-
clear abundances are shown by the number ratios to 1H,
i.e., A/H. The solid lines correspond to the heavy quark
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2FIG. 3. Evolution of nuclear abundances as a function of
T9 = T/(10
9 K). X and Y are mass fractions of 1H and
4He in baryon in the universe, respectively. Other nuclear
abundances are shown by the number ratios to 1H, i.e.,
A/H. The solid lines correspond to the heavy quark mass of
δmq/mq = 10
−2 for Case C, while the dashed lines correspond
to δmq = 0, i.e., the SBBN model.
mass of δmq/mq = 10
−2 for Case C, which is the most in-
teresting parameter region with a reduced Li abundance.
The dashed lines correspond to δmq = 0. In the heavy
mass case, the neutron and D abundances are higher and
the 7Be abundance is lower than in the standard BBN
(SBBN).
As described in the letter, the important reactions
for the 7Be abundance during BBN or the primordial
Li abundance are (i) 1H(n,γ)2H, (ii) 3He(d,p)4He and
3H(d,n)4He, and (iii) 7Be(n,p)7Li. If δmq/mq is large,
the Q-value of the reaction (i) is smaller than in SBBN.
As a result, the D production is slightly delayed and the
neutron abundance is higher. This high abundance of
neutrons destroy more 7Be nuclei via the 7Be(n,p)7Li re-
action. Although the reactions (ii) are also important,
their resonance energies are unchanged from the SBBN
values in Case C. Therefore, there is no significant change
in the abundances of either 3H or 3He. The rate of re-
action (iii) is slightly smaller than in SBBN (figure 2 in
the letter), which reduces the efficiency of 7Be destruc-
tion. However, because of the increased n abundance,
the higher 7Be destruction rate effectively delays the ac-
cumulation of 7Be. Therefore, the net effect in Case C
for δmq/mq = 10
−2 is a significant reduction of the final
7Be abundance. We note that a slight increase in the D
abundance seen in this figure is constrained from the D
observation (see Fig. 2).
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